Abstract-Metasurface antennas constitute an attractive low cost, low complexity and low power alternative to phased arrays for 5G millimeter wave communications. This paper addresses the design of low complexity linear metasurface antennas with scanning capabilities, based on modulated surface impedances. In particular, it shows that with a proper design, the number of reconfigurable unit cells can be reduced up to a 50% without a significant reduction of the radiation properties of the antenna, by means of enlarging the unit cell sizes. Besides, the paper proposes a 1-bit reconfigurable unit cell and demonstrates the feasibility of 1-bit metasurface antennas, enabling the use of MEMS switches for loss reduction, scanning stability improvement and for simplifying the interface with digital circuitry. Finally, cell enlargement and 1-bit quantization are jointly assessed, revealing that their effects are cumulative and that in the case of 1-bit solutions, the unit cell dimensions must be carefully selected.
INTRODUCTION
The 5G era posed a major challenge to the antenna community related to the search of low complexity beamsteering antenna solutions in millimeter wave bands. In this context, metasurface antennas with scanning capabilities constitute a good alternative to traditional phased arrays, since they can provide large gains without the need of large and complex beamforming networks, due to their surface wave excitation mechanism. Such beamforming networks have inherent high losses, which must be overcome by the use of amplifiers, resulting in complex, costly and power hungry solutions.
Since the seminal work in [1] , metasurface antennas based on the modulation of their surface impedance have been proposed for both linear (1-D) [2, 3] and 2-D [4] [5] [6] [7] configurations, as well as for fixed [2, 4, 5] and beamscanning [3, 6, 7] applications. For the latter, it is required that each subwavelength element forming the modulated surface must be able to reconfigure its properties through any reconfigurable technology (varactors, PIN diodes, liquid crystal, MEMs, etc). As a result, a huge number of reconfigurable devices is required what compromise the low complexity and cost. In addition, the reconfigurable devices introduce losses that may impede the proper excitation of the whole surface [3] . The number of reconfigurable devices can be reduced by enlarging the size of the subwavelength elements, as long as they are small enough so that they behave as an effective medium producing the targeted impedance surface at the macroscopic vision [8] . In practice, works on while reconfigurable designs such as [7] enlarged them to ge, the tradeoff between the antenna performance and the size of the unit cells has not been studied in depth.
Besides, metasurface antennas with beam-scanning capabilities often rely on varactor diodes [3, 7] , which not only present high losses at millimeter wave frequencies but can be also affected by temperature instabilities. Digitally controlled metasurfaces enabling the use of MEMS switches may permit overcoming these impairments, while facilitating the integration with digital control circuitry. In this sense, a 1-bit digital implementation was proposed in [6] , but it required , which definitely would rise the complexity and cost of the solution.
Therefore, this paper first analyses optimum unit cell sizes from the cost/performance point of view in the context of linear metasurface antennas. In particular, it is shown that the main limitation in the cell enlargement is related to the proper sampling of the theoretical continuous surface impedance modulation. Then, it demonstrates the feasibility of a 1-bit digitally controlled linear metasurface and a simplistic modeling of the switches by open-and shortcircuit connections. Finally, it discusses the combination of unit cell enlargement and 1-bit quantization.
The remainder of the paper is organized as follows. Section II recalls the fundamentals on sinusoidally modulated surface reactance antennas and presents the reference design used in the next sections; Section III analyzes the effects of enlarging the unit cell sizes; Section IV discusses about the implementation of a 1-bit linear metasurface antenna; and Section V evaluates the combination of 1-bit quantization and cell enlargement. Finally, Section VI presents the conclusions of the work.
II. SINUSOIDALLY MODULATED SURFACE REACTANCE ANTENNAS
The fundamental principle behind modulated surface reactance antennas is that the modulated surface reactance transforms the surface wave excited by a feed into a radiating leaky wave. In the case of sinusoidal modulation, the surface reactance of a linear antenna in the x-axis is expressed as [1] , where is the free space impedance; X is the normalized average reactance of the modulated surface; M is the index of modulation; and a is the modulation period which controls the scanning angle. For the n=-1 leaky wave harmonic, the relation between the period and the scanning direction is [2] The index of modulation M controls the leakage rate of the leaky wave, thus the excitation of the antenna surface. In turn, the average reactance X has a direct relation with the appearance of undesired higher leaky wave harmonics. In fact, a rather high value is required to eliminate them [2] .
Once X, M, and a are selected, the antenna design consists of mapping the reactance values obtained by (1) into subwavelength elements shaping the antenna surface. To this end, the method proposed by [2] , which only requires one fullwave simulation of the subwavelength element for each value of the design variable, is chosen here. This simulation assumes periodic boundary conditions and normal incidence
A. Reference design
The reference antenna design used in the remainder of the paper is inspired in [2] and depicted in Fig. 1 . It is based on a linear sinusoidally modulated surface the x-axis. Each unit cell is based on two metal strips separated by a small gap, on top of a grounded dielectric slab. An Arlon r=10.2 and thickness of 1.27mm is used in order to obtain rather high X values. The operation frequency is set to 18GHz, and at this frequency, sweeping the gap width from 0.2mm to 1.5mm results in a surface reactance ranging from 908 to 455 . The dimensions of the metal strips on the yThe antenna is fed from one side by a microstrip line through an exponential taper to ensure a good impedance adaptation. The other end is left open simplifying the simulation of the whole structure. Unless otherwise stated, the value of X is set to 1.8 and the M distribution follows:
where n is the index of the unit cell along the x-axis This distribution produced good results by reducing the leakage at the beginning allowing the excitation of the whole antenna, while reducing the leakage at the end of the surface by keeping the leakage rate on its second half. All antenna simulations presented next were performed using Ansys HFSS.
III. UNIT CELL ENLARGMENT
This section evaluates the effects of progressively enlarging the unit cell size from previous section is followed, just changing the unit cell size and the number of unit cells, while keeping the total length of the antenna unaltered. Fig. 2 and Fig. 3 plot the simulated Eplane radiation patterns 28º -30º (backward radiation), respectively. It can , the radiation patterns are not significantly distorted for both forward and backward radiation. The slight gain differences (below 1dB) are assumable by most applications and the angular shifts could be overcome by fine-tuning the designs.
=28°, while 
=-30 is destroyed. These differences between forward and backward mode cannot be related with the fact of having small enough elements so that they behave as an effective medium since in both cases, the size of the unit cells are equal. In contrast, a direct relation with the period required for a proper sampling of the continuous surface reactance described by (1) can be established. From (2) the period of the theoretical continuous surface reactance becomes
. This clearly explains the differences for
In order to confirm this relationship, another set of designs using the substrate proposed in [2] and setting X=1.2 were simulated. Fig. 4 shows the obtained radiation patterns when scanning to =-35°. In this case, proper backward radiation
It is worth recalling here that doubling the unit cell sizes results in a reduction on the number of required reconfigurable devices in a scanning solution of 50%, which in turn may translate to a significant cost, complexity and loss reduction. 
IV. 1-BIT QUANTIZATION
This section evaluates the feasibility of using 1-bit reconfigurable unit cells, which enable the use of MEMS switches for a drastic loss reduction while improving scanning stability, and facilitating the integration with digital circuitry.
A. Metasurface antennas with two discrete surface reactance values
As a first step, the effects of directly quantizing the surface reactance obtained by (1) in two discrete values are evaluated. This direct quantization results in a metasurface antenna similar to the one depicted in Fig. 1 but just using only two different gap sizes for its unit cells. Fig. 5 depicts the simulated radiation patterns when scanning to X=1.8 and M following (3) while Fig. 6 shows the surface reactance distributions along the antenna. In both cases, the analog case refers to the reference design of section II.A.
It can be observed that the 1-bit quantization (i.e. the use of two discrete surface reactance values) results in a gain reduction around 1 dB, and in a sidelobe level (SLL) increase below 2dB. These results are promising, specially taking in account that the 1-bit quantization does not impede the possibility of fine-tuning the radiation pattern. This is also demonstrated in Fig. 5 , which plots also the radiation pattern of a 1-bit design in which the surface reactance has been tuned to reduce the SLL at -4º, following a similar process as in [9] . The details of this method are out of the scope of this paper, but this result is very relevant since demonstrates the possibility of shaping the radiation pattern even under 1-bit quantization. 
B. 1-bit reconfigurable unit cell
For a real scanning antenna, a single reconfigurable unit cell capable of implementing both surface reactances is required, instead of two discrete and fixed gap sizes. To this end, the unit cell depicted in Fig. 7 is proposed. It is based on two metal strips, on top of the same dielectric slab as in the reference design, and connected through a switch. For this feasibility study, the switch is modeled as piece of metal in the ON state and as an open circuit in the OFF state. Two main variables can be tuned in the design in order to control the synthesized surface reactance: (i) the distance between the metal strips of two consecutive unit cells, called here gap; and (ii) the separation between the two metal strips of the same unit cell, i.e. the width of the switch, called here SW. Note that in the reference design of Section II.A there is no gap between two consecutive cells. Fig. 8 shows the simulated surface reactance for the two states and different gap and SW values. Regardless of the SW value, decreasing gap results in higher M (normalized reactance difference between ON and OFF states) but also higher X (normalized reactance average between ON and OFF states). Therefore, it is not possible to vary M along the antenna for achieving an efficient excitation, without varying also X. In addition, decreasing SW permits obtaining reduced M values. In order to assess the selection of optimum gap and SW values, it is carried out a simulation of the reference design using two discrete surface reactance (as in Section IV.a), but restricting these reactance values to the ones synthesizable by the proposed unit cell, and thus appearing in the Fig.8 curves. Fig. 9 depicts the resulting radiation patterns for different gap and SW values, including a design with an increasing M, and thus X, along the x-axis (red-curve). This last aims for a better excitation of the whole antenna surface as already done for the reference analog case. As a reference, Fig. 9 includes the direct 1-bit quantized design already reported in Fig. 5 . It can be observed that, varying M in order to efficiently excite the whole antenna results in a distorted beam due to the associated variation of X. Hence, it is better to concentrate on a single M, thus keeping the gap value unchanged along the antenna length. In this case, it is shown that reduced SW values of 0.2 mm allow reducing the M value for obtaining good results, with gains even higher than the reference antenna. 
C. 1-bit linear metasurface scanning antenna
In view of the above results, a linear metasurface antenna based on the unit cell depicted in Fig. 7 with SW=0.2 mm and gap=0.4 is designed and simulated. Fig. 10 depicts the designed antenna scanning to . Note that, as detailed in the zoomed area of Fig. 10 , in the ON state, between the two metal strips there are 10 switches since the y-dimension of the antenna contains 10 unit cells. 
V. COMBINATION OF CELL ENLARGEMENT AND 1-BIT QUANTIZATION
So far, previous sections discussed separately the effects of cell enlargement and 1-bit quantization. Here, antennas based on the reference design but using the two discrete surface reactance values as in Section IV.A are used to assess the combination of both effects. In particular, Fig. 12 shows the simulated radiation patterns obtained with a unit cell size of tion and (iii) with 1-bit quantization. The compared antennas scan backwards towards -30°since this has been identified as a worst case in relation with the cell enlargement. It can be observed that the 1-bit quantization produces a reduction of the main beam gain and an increase of the SLL regardless of the unit cell reduction is more significant (i.e. 3.3 dB and 2.6 dB with ct reveals that the effects of cell enlargement and 1-bit quantization are somehow cumulative. Therefore, special attention must be paid in the selection of the unit cell size when designing 1-bit solutions. VI. CONCLUSIONS This paper evaluated two methods for reducing the complexity of linear metasurface antennas with scanning capabilities. On the one hand, it showed that the number of reconfigurable cells can be reduced by increasing the unit cell sizes, with the limit of properly sampling the required analog surface reactance. Such reduction directly implies complexity, cost and loss savings, due to the reduction of reconfigurable devices required. On the other hand, the paper demonstrated the feasibility of using 1-bit quantization and successfully proposed a 1-bit reconfigurable unit cell. This method enables the use of MEMS switches for a drastic loss reduction while assuring a good scanning stability and a simpler integration with digital control circuitry. Finally, the paper ended with the assessment of the combination of both methods. In this case, the effects on the radiation pattern are more pronounced and must be carefully analyzed when selecting the unit cell size. 
